The ultrastructure and histology of cholangiocellular carcinomas from feral English sole (Parophrys vetzr1zt.s) living in polluted waterways of Puget Sound, WA. are described. Electron microscopy confirmed that biljary epithelial cells were the main proliferative cell type composing this variety of neoplasm. The arrangement of these cells varied from well-organized multiple bile duct-like structures to disorganized multilayered sheets of poorly differentiated biliary epithelial cells. A fibrous stroma consisting of multiple layers of collagen fibers and fibroblasts, with macrophages and various blood cell types scattered among these layers occurred between bile duct-like structures or aggregates of biliary epithelial cells. Hepatocytes were not apparent in these neoplasms except within small necrotic regions surrounded by neoplastic biliary epithelial cells. No viruslike particles were observed among the cases examined in this study.
INTRODUCTION
The prevalence of liver neoplasms in English sole inhabiting Puget Sound is significantly higher in fish from chemically contaminated waterways and urban embayments than in non-urban reference areas, and the neoplasm prevalence has been positively ' correlated with exposure to and uptake of sedimentassociated chemical contaminants, especially polycyclic aromatic hydrocarbons (25, 26, 28-32, 36, 37) . In 2 highly contaminated areas of Puget Sound, the Duwamish Waterway and Eagle Harbor, up to 20% (26) and 27% (28,37) of the English sole from these respective areas are affected with hepatic neoplasms. Six distinct types of neoplasms have been observed in English sole, including liver cell adenoma, hepatocellular carcinoma (HC), cholangiocellular carcinoma (CC), mixed hepatocholangiocellular carcinoma, cholangioma, and hemangioma (37). Hepatocellular adenomas and carcinomas are the most frequently encountered types of neoplasms (37), and' the histology and ultrastructure of hepatocellular carcinomas have been described in detail in a previous study (46). Cholangiocellular carcinomas are the next most prevalent type of neoplasm, occumng in up to 5% of English sole from the Duwamish Waterway (Myers, unpublished data) and Eagle Harbor (37). Although the histology of CCs has been examined in some species of fish (6, 39, 42, 1 1 ) including English sole (37), to our knowledge, they have not been examined with electron microscopy in any other species of fish. It is, therefore, not known if the neoplasms in fish diagnosed as CCs by light microscopy are truly biliary in origin. In addition, histological studies of English sole neoplasms have revealed no signs of infectious etiologic agents (37). However, only hepatocellular carcinomas have been examined by transmission electron microscopy (46) to confirm that no evidence of microorganisms such as virions were observed in that type of neoplasm.
The objectives of this paper are to describe the cellular and subcellular morphology of CCs in English sole, determine the primary cell type contained in the neoplasm, and examine these tumors for evidence of infectious agents. This is a continuation of studies concerning the ultrastructure and histol-362 ogy of various types of liver lesions in English sole inhabiting contaminated areas of Puget Sound, WA.
METHODS
English sole suspected of having liver lesions were collected by otter trawl from the Duwamish Waterway and Eagle Harbor in Puget Sound. Normalappearing livers were obtained from fish collected as part of a previous study (46) from non-urban reference areas including President Point and Useless Bay. The fish were weighed (g), measured (total length, mm), killed by severing the spinal column, and immediately necropsied. Midsagittal portions of normal-appearing liver and grossly visible liver nodules were excised and divided for light and transmission electron microscopy (TEM). Samples for light microscopy were preserved in Deitrich's fixative (lo), embedded in paraffin, sectioned at 5 p m and routinely stained with Mayer's hematoxylin and eosin-phloxine (HBrE) (27) . Morphologic diagnoses were determined from the paraffin sections. Only those samples determined to be normal liver from animals collected at references sites, or CCs from fish collected in contaminated waters were included in this study. The diagnostic criteria used to define this neoplasm type were based strictly on morphological features common to similar tumors in rodents, and have been described previously as applfed to fish (37) . Samples for TEM were initially cut into pieces 5 mm or smaller and placed in a fixative of 2% paraformaldehyde, 0.75% glutaraldehyde in a sodium cacodylate buffer (pH 7.4) (1 5).
After an hour, the hardened tissues were trimmed to 1 mm pieces, and fixation was continued for a total of 12-24 hr. Tissues were rinsed in buffer, postfixed in 2% osmium tetroxide for 1.5 hr, dehydrated in ethanol and embedded in Spurr's plastic (43). Plastic sections were cut 6n either a Sorvall MT2-B or 5000 ultramicrotome.2 Semi-thin plastic sections (1 pm) were stained with Azure II/Methylene Blue, examined with a light microscope and compared with paraffin sections. If the morphology of the plastic embedded tissue matched that of the paraffin sections, the plastic embedded tissues were thin-sectioned (80 nm) for TEM. CCs from 5 fish (3 were strictly CCs, and 2 were mixed cholangiohepatocellular carcinomas with areas predominantly composed of biliary epithelial cells) were sectioned for TEM and compared with normal-appearing liver tissues of 25 fish from a previous study (46) . Thin sections were floated onto copper grids, stained with uranyl acetate and lead citrate, and hlention of trade name is for information only and does not constitute endorsement by the U.S. Department of Commerce.
observed with a Philips 30 1 transmission electron microscope.
RESULTS

Noriiial Ultrastriictiire of Biliary Epithelial Cells
The organization of the normal-appearing biliary system in English sole liver has been briefly described in a previous study (46) and was similar to that described for several other fish species (12, 13, 20, 47, 49) . The smaller elements of the branching biliary system occurred in the center of hepatic tubules, beginning with the bile canaliculi that adjoined the slightly larger preductules, followed by the ductules. Bile ducts were the largest component, occurring between hepatic tubules. Bile canaliculi were lined by microvilli of the hepatocytes (Fig. 1 ); preductules were defined by both hepatocyte microvilli and biliary epithelial cells (BECs); and ductules were lined entirely by squamous BECs (Fig. 1) . Biliary epithelial cells were frequent and coniained numerous free ribosomes, a few short cisternae of RER, occasional small mitochondria, and a somewhat irregular and elongated nucleus. Tonofilaments associated with desmosomes, and occasional intermediate filaments also occurred in the cytoplasm of BECs. Numerous cell junctions and occasional interdigitations of plasma membranes occurred between BECs (Fig. 2) . Desmosomes also occurred between BECs and adjacent hepatocytes but interdigitations of the cell boundaries rarely occurred between these different cell types. Bile ducts were lined by BECs that were cuboidal but otherwise similar in appearance to those lining the preductules and ductules. Bile ducts were enveloped by a basal lamina, and larger bile ducts were also surrounded by loose, fibrous connective tissue (Fig. 2) .
Morphology of Cholaiigiocelliilar Carcinomas: Light Microscopy of Parafin and Plastic-En1 bedded Tissiie
The 5 cases included in this study represented the range of various histologic features consistent with the morphologic diagnosis of cholangiocellular carcinoma in English sole (37) . These neoplasms displayed irregular, poorly defined borders, were unencapsulated, and often clearly invaded the surrounding normal parenchyma. The histomorphology of these cases ranged from a composition of patent, small ductular structures within a moderately fibrous stroma (Fig. 3) ; to poorly organized nests of multilayered BECs with central, irregularly shaped lumina and suggestions of papillary growth patterns within these nests, all within a prominent stroma ( any visible ductular morphology, supported by an extensive, loosely fibrous stroma (Fig. 6) . The morphologic appearance evident in this last case closely resembled the only known example of a metastasizing cholangiocellular carcinoma in English sole (33, 37). The stroma in all cases was dominated by fibroblast-like cells and fibrous tissue, with occasional mononuclear leucocytes. The tubular architecture typical of normal-appearing hepatocytes was completely absent within the tumorous areas. In one case, BECs were arranged in a unique radial growth pattern, and clearly penetrated into the surrounding normal parenchyma. In another case, occasional eosinophilic staining mucin-like plugs were observed in the center of duct-like structures. BECs composing these neoplasms were squamous to cuboidal with eosinophilic to amphophilic cytoplasmic staining in H&E-stained paraffin sections. Variably sized, ovalshaped nuclei could be, distinguished from the spherical, vesicular nuclei of degenerate hepatocytes occasionally interspersed and apparently sequestered among the BECs (Fig. 3) . Mitotic figures in the composite BECs were observed rarely.
Ultrastnictiire of Cholangiocelliilar Carcinomas
The tubular architecture of normal-appearing English sole liver was completely replaced by large numbers of BECs, fibroblast-like cells, reticular fibers and a few leucocytes. The arrangement of these cells was variable even within a single .neoplasm. Generally, however, areas of BECs were predominant, with variable amounts of reticular fibers, fibroblast-like cells, leucocytes, and occasional erythrocytes occurring among groups of BECs. Leucocytes, including thrombocytes and monocyte-like cells containing small electron-dense granules, were also occasionally observed within areas of proliferative BECs. The BECs were organized into either discrete ductlike structures or sheet-like aggregates. One case was primarily duct-like, 2 cases had varying combinations of both architectures within the same carcinoma, while the 2 other cases examined in this study were primarily poorly-differentiated with a sheetlike organization. Duct-like structures were composed of a single layer of BECs arranged around a central microvilli-lined lumen and surrounded by a basal lamina (Fig. 7) . Sheet-like aggregates of BECs were arranged into larger, irregularly organized areas composed of varying numbers of tightly packed cells joined by numerous desmosomes, and exhibiting interdigitations of adjacent plasma membranes typical of normal BECs (Fig. 8) . Multiple microvillilined lumina occurred within sheet-like aggregates (Figs. 8 and 9 ). Many of the BECs involved in both duct and sheet-like architectures of the three well differentiated cases examined in this study contained numerous small, smooth membrane-bound saccules or vesicles that often appeared flattened and commonly occurred near microvilli-lined lumina (Fig. 8 ). These were reminiscent of disorganized Golgi saccules, or possibly oblique sections of the deep interdigitations from the plasmalemmae of adjacent cells.
The BECs in the 2 cases of poorly differentiated CCs with sheet-like architectures contained sparsely distributed organelles, including a few small, round mitochondria and occasional short cisternae of RER, with numerous cellular junctions and canalicularlike lumina occumng between them (Fig. 9) . These cells resembled BECs more than hepatocytes because they lacked the numerous, long RER cisternae and spherical nuclei normally apparent in hepatocytes. Discontinuous portions of basal lamina were occasionally present in these poorly differentiated cases, occumng primarily along the periphery of BECs aggregates. The basal lamina distinguished individual groups of BECs from each. other and adjacent fibrous areas containing fibroblast-like cells, leucocytes and reticular fibers.
The nuclei of most BECs were highly variable in size. Lysosomes, lipid droplets and intermediate filaments were also occasionally present in the cytoplasm of BECs, however no glycogen was observed. Light and dark staining BECs of similar morphologies were often observed next to each other (Figs. 7 and 10). Although this may represent fixation artifact, the variably stained cells were also interspersed among more homogeneously stained cells suggesting that the staining variability might be an inherent character of the BECs. No virus particles were observed anywhere within BECs or other portions of the neoplasms.
Hepatocytes were sometimes evident in these biliary neoplasms, and they appeared singly or in small groups surrounded by neoplastic BECs, fibroblastlike cells and reticular fibers (Fig. 10) . These hepatocytes were often degenerate and contained large numbers of lysosomes, and remnants of RER that were occasionally vesiculated and contained flocculent material. Some hepatocytes also contained small amounts of lipid and/or glycogen. The nuclei of these degenerate hepatocytes were generally round and larger than those of neoplastic BECs. tures in other fish as well. Little is known about the ultrastructure of CCs in other fish; however, the ultrastructure of the poorly-differentiated sheet-like type of CC in English sole resembled that of a poorly-differentiated human CC, where multiple glandular lumina characterized the tumor (38). The ultrastructure of well-differentiated, ductular CCs in English sole was also similar to that described in humans where neoplastic bile ducts lined by a basal lamina replace the normal liver (1). In humans, ductlike structures lined by a basal lamina occur in CCs, but not in glandular or acinar types of HCs. The presence of a basal lamina is therefore one of the distinguishing characteristics between these two types of neoplasms (1). On the other hand, basal laminae are common in aflatoxin-induced trabecular and glandular types of HCs in rats ( 5 ) suggesting that diagnostic features of liver carcinomas may differ among species. However, since basal laminae were rarely observed in either well or poorly-differentiated HCs of English sole (46) they appeared to be a distinguishing feature of CCs in this species of fish.
Some studies on rodents (9,22, 24,44) diagnose duct-like liver neoplasms examined by light microscopy as adenocarcinomas or glandular hepatocellular carcinomas. However, it is sometimes difficult to distinguish between adenocarcinomas and cholangiocarcinomas (9,24), and there is some disagreement as to whether liver neoplasms with ductular or glandular architectures are derived from hepatocytes or biliary cells (22, 17). For instance, ductular liver neoplasms in rainbow trout (Salrtto gairdneri) induced by chemical exposure and observed by light microscopy, were considered to be hepatocytes arranged in a glandular pattern and therefore initially diagnosed as adenocarcinomas (3). Contrary to these results, the authors of a more recent histological study of the same ductular type of liver neoplasm in rainbow trout believe that the neoplastic cells resemble biliary cells more than hepatocytes (1 7). Contradictory interpretations ofsimilar neoplasms described in these 2 studies emphasize the need for more research (1 7).
In the present study, English sole liver neoplasms initially diagnosed by light microscopy to be CCs were confirmed with electron microscopy to contain cells characteristic of BECs. Features leading to this conclusion included the presence of a basal lamina that lined ducts or larger sheet-like aggregates of BECs, and cytoplasmic characteristics of individual cells such as elongated nuclei, little or no RER, numerous intercellular junctions, and interdigitations of adjacent plasma membranes. Intermediate fila- 
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ments were also occasionally present in BECs. However, it should be noted that although intermediate filaments are numerous in biliary cells of higher vertebrates, they occur rather sparsely in normal English sole BECs. The only cells observed in CCs that had characteristics similar to hepatocytes were individual or small nests of typically necrotic liver cells. These appeared to be remnants of normal parenchyma which had become sequestered within the neoplastic tissue.
The primary cell type in English sole CCs was clearly different from that of HCs (46). Neoplastic hepatocytes in English sole HCs have rounder nuclei, an abundance ofdilated RER filled with fibrillar material and few intercellularjunctions. In addition, a basal lamina does not occur around groups of neoplastic hepatocytes. Groups of both biliary and hepatocellular cell types intermixed with each other have been personally observed and reported in mixed hepatocholangiocellular carcinomas in English sole (37) . However, individual cells possessing combined features of both hepatocytes and BECs were not apparent in either CCs, HCs (46), or mixed carcinomas.
At the light microscopic level, cholangiomas are distinguished from CCs by being composed of well organized, well-differentiated and clearly defined ducts that closely resemble normal bile ductules and/ or ducts. These neoplasms are generally spherical, with a distinct, regular margin, displaying only compression of the adjacent parenchyma (37) . In contrast, CCs are composed of BECs forming ductular structures that are much less patent and organized than cholangiomas. In some cases, a ductular architecture may not even be apparent. In addition, the border between CC nodules and the surrounding parenchyma is irregular, and invasion is usually visible. However, distinctions between these neoplasm types are based primarily on the above criteria and the morphologic features of comparable tumors in rodents (37) , because metastasis, the definitive feature of malignancy, has been demonstrated in only a single case of CC in English sole. In this case, the CC metastasized to the heart, kidney and spleen, and appeared histologically similar to the poorly differentiated CCs described in the present study that possessed a sheet-like architecture (37) .
A unique characteristic of English sole CCs was the occurrence of .numerous vesicles and flattened saccules within many of the neoplastic BECs. These may be segments of deep interdigitations of plasma membranes from adjacent cells; however, these structures often appeared to occur more frequently closer to the lumen of the ducts, suggesting that they may be portions of disorganized Golgi saccules or transport vesicles.
In conclusion, we have presented ultrastructural evidence that confirms the histologic diagnosis of cholangiocellular carcinoma in the livers of wild English sole. We have also described a variation of characteristics between well-differentiated (ductular) and poorly differentiated (sheet-like) types of CCs, and have shown that no viruses were apparent within the limited number of these tumors examined to date by transmission electron microscopy.
